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Purpose  of the  research:  An  oxidized  form  of  guanine,  8-oxoGua,  is  known  to  have  a potential  to  induce
genetic  mutations,  thereby  causing  carcinogenesis.  Mammalian  cells  hence  have  various  mechanisms  to
eliminate  8-oxoGua  in DNA and  nucleotide  pools.  Since  MutT-related  enzymes,  MTH1  and  NUDT5,  can
hydrolyze  8-oxoGua-containing  nucleotides  in  nucleotide  pools,  the  expressions  of MTH1  and  NUDT5
are  likely  to  be involved  in  controlling  oxidation-induced  carcinogenesis.  In  the  present  study,  we exam-
ined  the expressions  of  8-oxoGua,  MTH1,  and  NUDT5  in  human  normal  keratinocytes  and  human  oral
squamous  carcinoma  cells treated  with  H2O2.
Principal results:  The  immunoﬂuorescent  study  demonstrated  that  the  localization  of 8-oxo-dGTP  changed
from  cytoplasm  to  nucleus  in the  treatment  with  H2O2 in both  cell  types.  The  Western  blotting  analysiseratinocyte
TH
UDT5
as  well  as  RT-PCR  revealed  that  H2O2 enhanced  the  expression  of  NUDT5,  but  not MTH1,  in normal
keratinocytes.  The  increased  NUDT5  proteins  were  also  detected  in  the nuclear  extracts  of  keratinocytes
treated  with  H2O2. In contrast,  H2O2 had  no effects  on the  expressions  of  NUDT5  and  MTH1 in  squamous
carcinoma  cells.
Major conclusions:  NUDT5  may  thus  be involved  in  preventing  carcinogenic  mutations  in keratinocytes
under  oxidative  stress,  and  its impaired  expression  may  promote  their  carcinogenesis.
mato© 2011 Japanese Sto
. Introduction
Reactive oxygen species (ROS) are produced by exogenous envi-
onmental factors, i.e. ionizing radiation and tobacco smoking, as
ell as endogenous cellular metabolism [1]. Nucleic acids exposed
o the oxygen radicals generate various modiﬁed bases. More than
0 different types of oxidatively altered purine and pyrimidine
ases have been detected [2]. Among them, an oxidized form of gua-
ine, 8-oxo-7,8-dihydroguanine (8-oxoGua) is produced in DNA as
ell as in nucleotide pools, and has the potential to induce genetic
utations, which may  lead to carcinogenesis or cellular senescence
3,4]. Since it can pair with both adenine and cytosine, with almost
qual efﬁciency, during DNA synthesis, 8-oxoGua incorporated into
NA as well as RNA would cause base mispairing, giving rise to
pontaneous mutations in genomic DNA [3,4].Organisms appear to acquire several mechanisms for preventing
-oxoGua from resulting in spontaneous mutations [5,6]. 8-oxoGua
ncorporated in DNA is excised by 8-oxoguanine DNA glycosylase
∗ Corresponding author. Tel.: +81 92 801 0411; fax: +81 92 801 1288.
E-mail  address: ikb@college.fdcnet.ac.jp (T. Ikebe).
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1 (OGG1) as a base excision repair (BER). A special DNA glyco-
sylase, MUTYH, removes an adenine misincorporated opposite a
template 8-oxoGua. On the other hand, MutT-related enzymes pre-
vent the incorporation of 8-oxoGua-containing nucleotides into
DNA by hydrolyzing 8-oxo-dGTP in the nucleotide pool [7].
MutT  protein that was  ﬁrst found in Eschericha coli, hydrolyzes
8-oxo-dGTP and 8-oxo-dGDP to 8-oxo-dGMP, thereby prevent-
ing the misincorporation of 8-oxoGua into DNA [7]. Mammalian
cells also possess the enzymes capable of eliminating 8-oxoGua-
containing nucleotides from DNA precursor pools. These include
MTH1 (MutT Homolog 1) [8,9], MTH2 [10], and NUDT5 [11], all of
which are structurally similar to MutT. Among them, MTH1 and
MTH2 can degrade 8-oxo-dGTP to 8-oxo-dGMP in the pools of
DNA synthesis precursors. NUDT5, which is also called ADP-sugar
pyrophosphatase [12], hydrolyzes 8-oxo-dGDP which is formed by
hydrolysis of 8-oxo-dGTP. 8-oxo-dGTP is known to be easily con-
verted to 8-oxo-dGTP by nucleotide diphosphate kinase.
Squamous cell carcinoma (SCC) is the major malignant tumor
Open access under CC BY-NC-ND license.occurring in the oral cavity, and known to severely impair the qual-
ity of the patients’ life because of damage to speech, swallowing,
and mastication. In carcinogenesis, normal keratinocytes (squa-
mous cells) in oral mucosa would transform to SCC cells through
 under CC BY-NC-ND license.
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everal steps of precancerous lesion called epithelial dysplasia. The
erial changes from normal to carcinoma cells are thought to result
rom genetic alterations [13].
Because oral mucosa is continuously under various oxidative
tresses such as tobacco, alcohol, hot meals, and repeated injury,
xidative DNA damage, e.g. 8-oxoGua could play a critical role
n the development of SCC cells from keratinocytes. It is hence
igniﬁcant to investigate the expression of 8-oxoGua-eliminating
nzymes in keratinocytes under oxidative stresses. However, there
re few reports concerning 8-oxoGua and MutT-related proteins
n cultured human cells. In the present study, we  examined the
xpression of 8-oxoGua, MTH1, MTH2, and NUDT5 in normal
uman keratinocytes and human oral SCC cells under treatment
ith hydrogen peroxide (H2O2).
. Materials and methods
.1.  Cell culture
Normal human epidermal keratinocytes (NHEKs) were pur-
hased from Kurabo Co. Ltd. (Tokyo, Japan) and cultured with
uMedia-KB2 medium. Human oral SCC cell line, SAS, was cultured
ith Dulbecco’s minimum essential medium (DMEM) containing
0% fetal bovine serum (FBS). Both cell types were incubated in cul-
ure medium with or without 100–800 M of hydrogen peroxide
H2O2) for 0–24 h.
.2. Immunocytochemistry
The cells were cultured on Lab-Teck chamber slide (Falcon Co.
td., Meylan, France) and were ﬁxed with 4% paraformaldehyde-
hosphate-buffered saline (PBS) at 0, 3, and 24 h after the treatment
ith 800 M of H2O2. To prevent the elimination of 8-oxo-dGTP,
he slide glasses were incubated with RNase for 1 h and with
roteinase K for 7 min  at room temperature. After blocking the
onspeciﬁc binding with serum, the slide glasses were incubated
ith the ﬁrst antibodies, mouse monoclonal antibody against
-oxo-dGTP (Jalca Co. Ltd., Shizuoka, Japan), rabbit polyclonal anti-
odies against human MTH1 (Novus Biologic Inc., Littleton, CO,
SA) or goat polyclonal antibodies against human NUDT5 (Santa
ruz Biotechnology, Santa Cruz, CA, USA), overnight at 4 ◦C. After
he cells on the slide glasses were rinsed 3 times with PBS, the
argeted antigens in the cells were detected with Alexa Fluor
88 (Molecular Probes, Eugene, OR, USA)-conjugated anti-mouse
gG antibody for 8-oxo-dGTP or Alexa Fluor 568-conjugated anti-
abbit IgG antibody for MTH1 and NUDT5 for 40 min  at room
emperature. Nuclear staining was performed with 4′,6-diamidino-
-phenylindole DAPI dye. Cells were imaged with a Zeiss LSM 510
aser scanning confocal microscope (Carl Zeiss, Jena, Germany).
he excitation beam was produced by 380/488/596-nm lasers
nd delivered to the specimens via a Zeiss Apochromat objec-
ive. Emitted ﬂuorescence was captured using ZEN 2008 software
Carl Zeiss).
.3.  Western blot analysis
Cells  were lysed in a TNT buffer containing 20 mM Tris–HCl,
H 7.5, 200 mM NaCl, 1% Triton-X, 1 mM dithiothreitol, and pro-
ease inhibitors (Roche, Basel, Switzerland). In order to study
he distribution of intracellular proteins, cytosolic, membrane,
nd nuclear proteins were separated from the whole cells using
 Calbiochem Proteo Extract subcellular proteosome extraction
it (Merck KGaA, Darmstadt, Germany) according to the man-
facturer’s protocol. The protein content of each extract was
easured with a protein assay kit (Pierce, Hercules, CA, USA),
ccording to the manufacturer’s protocol. Twenty microgramsternational 8 (2011) 11– 16
of  each protein extract were subjected to 12.5% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
the separated proteins were then electrophoretically transferred
to a PVDF membrane at 100 V for 1 h at 4 ◦C. The membrane
was then incubated with the antibodies against human MTH1,
human NUDT5, -actin (Sigma Chem., St. Louis, MO,  USA), or
YY1 (Aviva Systems Biology, San Diego, CA, USA) in 5% skin milk
solution plus 0.01% azide overnight at 4 ◦C. YY1, which is a ubiq-
uitously distributed transcription factor, was  used as a nuclear
marker. Blots were washed in TBST (10 mM Tris-HCl, 50 mM NaCl,
0.25% Tween 20) for 30 min  at room temperature. They were then
incubated for 1 h with horseradish peroxidase-conjugated anti-
rabbit or mouse IgG antibodies, which were diluted to 1:2500, in
5% of non-fat dry milk-TBST and developed using an enhanced
chemiluminescence system (Amersham, Arlington Heights, IL,
USA).
2.4. RNA isolation and reverse transcription-polymerase chain
reaction  (RT-PCR)
Total  RNA was extracted from cells using TRIzol reagent.
First-strand cDNA was synthesized from 1 g of total RNA using
SuperScript II reverse-transcriptase, according to the manufac-
turer’s instructions (Invitrogen, Carlsbad, CA, USA). To detect
mRNA expression, we  selected the speciﬁc primers based on the
nucleotide sequence of cDNA. The cDNA was ampliﬁed by PCR
under the following conditions: 1 min  denaturation at 95 ◦C, 1 min
annealing at 60 ◦C, and 1 min  extension at 72 ◦C, for 32 cycles. PCR
products were subjected to electrophoresis on 2% agarose gels and
visualized after staining with ethidium bromide. The signal inten-
sity of each PCR product was  quantitatively measured with Scion
image software (version 4.02, NIH, Bethesda, MD,  USA), and nor-
malized to that of GAPDH mRNA. The sequences of the primes used
are follows: human MTH1, 5′-GCCCGATGACAGCTACTGGTTT-
3′ (forward), 5′-AATGCCCCCAGGTGAAGATC-3′ (reverse);
human NUDT5, 5′-CCGGAAAGTAATCTCCTGAA-3′ (for-
ward), 5′-GTCTGCTCTTTCCTGGTTGT-3′ (reverse);
human MTH2, 5′-GTCTGCTCTTTCCTGGTTGT-3′ (for-
ward), 5′-GTCCAGGGGAGGTAGTTCTT-3′ (reverse); human
GAPDH, 5′-CCTCTCCAGAACATCATCC-3′ (forward), 5′-
GTGTCGCTGTTGAAGTCAG-3′ (reverse).
2.5. Statistical analysis
Data  are expressed as means ± standard errors (SE). Differences
were analyzed with paired one-way ANOVA, where appropriate p
value of <0.05 was  considered to be signiﬁcant.
3. Results
3.1. Expressions of 8-oxoGua in keratinocytes and SCC cells
In  order to examine if an oxidative stress induces 8-oxoGua
in keratinocytes, we treated NHEKs with 800 M of H2O2, and
then ﬂuorescently stained them with anti-8-oxo-dGTP antibody.
Before stimulation with H2O2, 8-oxo-dGTP was localized in the
cytoplasm of NHEKs. Three hours after H2O2 treatment, 8-
oxo-dGTP was  observed dominantly in the nucleus (Fig. 1A).
Thereafter, the staining of 8-oxo-dGTP faded away from the
nucleus, and again appeared in the cytoplasm 24 h later (Fig. 1A).
Such distribution of 8-oxo-dGTP was  also observed in SCC cells
(Fig. 1B).
The  trypan blue exclusion assay demonstrated that all the cell
types were viable under the H2O2 treatment (data not shown).
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Fig. 1. Localization of 8-oxo-dGTP in normal human epithelial keratinocytes (NHEK) and human squamous cell carcinoma (SCC) cells. NHEKs (A) or SCC cells (B) were cultured
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econd antibody, Alexa Fluor 488-conjugated anti-mouse IgG (green in upper trace
bserved with a confocal microscope. (For interpretation of the references to color 
.2. Localization of MTH1 and NUDT5 in keratinocytes and SCC
ells
The  intracellular localizations of MTH1 and NUDT5, which
egrade 8-oxo-dGTP and/or 8-oxo-dGDP to prevent the incorpora-
ion of 8-oxoGua into DNA, were immunoﬂuorescently investigated
ith anti-MTH1 antibodies and anti-NUDT5 antibodies, respec-
ively.
MTH1 was  mainly localized in the cytoplasm, and its localiza-
ion and expression level were not changed by the treatment with
2O2 in NHEKs and SCC cells (Fig. 2). NUDT5 also resided in the
ytoplasms of the entire cell types examined (Fig. 2). Interestingly,
nder the microscopic views, the expressions of NUDT5 appeared
o be enhanced by H2O2 in NHEKs (Fig. 2A), but not in SCC cells
Fig. 2B).ncubated with the antibody against 8-oxo-dGTP, followed by the incubation with
clear staining was  performed with DAPI (blue in middle traces). These cells were
 ﬁgure legend, the reader is referred to the web version of the article.)
3.3. Protein expression of MTH1 and NUDT5 in keratinocytes and
SCC  cells
In  order to conﬁrm the immunocytochemical data, we then
examined the protein levels of MTH1 and NUDT5 in NHEKs and SCC
cells with Western blotting. As a result, H2O2 enhanced the protein
expressions of NUDT5, but not MTH1, in NHEKs time-dependently
(Fig. 3A), whereas it could not cause SCC cells to increase MTH1  and
NUDT5 proteins (Fig. 3B).
For investigating the intracellular distributions of MTH1 and
NUDT5 with Western blotting, we separated the cytosolic and
nuclear extracts from the whole cells, and performed the West-
ern blotting for each extract. Both proteins, MTH1 and NUDT5,
were detected in both extracts. The amounts of MTH1 as well as
NUDT5 were more in cytosol than in nucleus. Interestingly, the
14 S. Nakayama et al. / Oral Science International 8 (2011) 11– 16
Fig. 2. Localization of MTH1 and NUDT5 in normal human epithelial keratinocytes (NHEK) and human squamous cell carcinoma (SCC) cells. (A) NHEKs were immunostained
with anti-human MTH1 (red in upper traces) and anti-NUDT5 (red in lower traces) antibodies, and visualized with Alexa Fluor 568-conjugated anti-rabbit IgG antibody. Nuclei
were  stained with 4′ ,6-diamidino-2-phenylindole (DAPI). The MTH1 and NUDT5 enzymes were constantly expressed in the cytoplasm. The oxidative stress upregulated the
expression  of NUDT5, but not MTH1, 24 h after H2O2 (800 M)  treatment. (B) SCC cells were immunostained with anti-human MTH1  (red in upper traces) and anti-NUDT5
(red in lower traces) antibodies. Nuclei were stained with DAPI (blue). MTH1 and NUDT5 were constantly expressed in the cytoplasm. The oxidative stress had no effect on
expression of MTH1 and NUDT5 in SCC cells. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
Fig. 3. The effect of H2O2 on the expression of MTH1 and NUDT5 proteins in normal human epithelial keratinocytes (NHEK) and human squamous cell carcinoma (SCC)
cells. (A) The expressions of MTH1 and NUDT5 proteins were examined in the whole-cell (left panel), cytoplasmic (middle panel) and nuclear extracts (right panel) from
NHEKs with Western blot analysis. The subcellular fractions from the whole-cell proteins were separated using subcellular proteome extraction kits as described in Section 2.
-Actin  (total and cytoplasmic proteins) and YY1 (nuclear proteins) antibodies were used as internal control. Hydrogen peroxide increased the expression of NUDT5 protein
in  a time-dependent manner. (B) Hydrogen peroxide had no effects on the expression of MTH1 and NUDT5 proteins in SCC cells.
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Fig. 4. The effect of H2O2 on the expressions of MTH1, NUDT5, and MTH2 mRNAs in normal human epithelial keratinocytes (NHEKs) and human squamous cell carcinoma
(SCC) cells. Total RNA was  extracted from NHEKs (A) or SCC cells (B) treated with 800 M of H2O2 for various periods, and analyzed with reverse transcription-polymerase
chain  reaction (RT-PCR) for the expressions of MTH1, MTH2 and NUDT5 mRNA. The intensity of PCR products was quantiﬁed using Image J software. Hydrogen peroxide
signiﬁcantly increased mRNA of NUDT5, but not MTH1 and MTH2, in NHEKs in a time-dependent manner (*p < 0.05 vs. 0 h, **p < 0.01 vs. 0 h). Open bar, MTH1; slash bar,
NUDT5; closed bar, MTH2. (C) Dependency of NUDT5 gene expression on H2O2 dose. NHEKs were treated with various doses of H2O2 for various periods. Total RNA was then
extracted and analyzed with PCR for the expression of NUDT5 mRNA. Open bar, 100 M of H2O2; slash bar, 300 M of H2O2; dotted bar, 800 M of H2O2; closed bar, 1000 M
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enadione increased NUDT5 mRNA in a time-dependent manner. Open bar, 25 M
ormalized by GAPDH as internal control.
uclear extracts contained more NUDT5 than MTH1 in each cell
ype (Fig. 3B). Hydrogen peroxide seemed to increase the expres-
ions of cytosolic NUDT5 as well as nuclear NUDT5 only in NHEKs.
.4.  Gene expression of MTH1 and NUDT5 in keratinocytes
reated with H2O2
We  then examined the effects of H2O2 on the mRNA levels of
TH1 and NUDT5 in NHEKs. RT-PCR showed that NHEKs consti-
utively expressed mRNA of MTH1 even under no oxidative stress
Fig. 4A). The addition of H2O2 had no effects on the levels of MTH1
RNA. In SCC cells, mRNA levels of MTH1 were also unchanged in
he treatment with H2O2 (Fig. 4B).
When the expression of MTH2 mRNA was also examined by
T-PCR in NHEKs as well as SCC cells with or without H2O2, its
xpression patterns were similar to those of MTH1 (Fig. 4A and B).
Differently from MTH1 and MTH2, H2O2 enhanced the expres-
ion of NUDT5 mRNA in NHEKs in a time-dependent manner,
lthough NUDT5 was constitutively expressed even without H2O2
Fig. 4A). In contrast to normal cells, H2O2 had no effect on the gene
xpression of NUDT5 in SCC cells (Fig. 4B).
The effect of H2O2 on NUDT5 expression was  dependent on the
oses of H2O2 in NHEKs, where 800 M of H2O2 showed the max-
mal effect (Fig. 4C). Another oxidizer, menadione, also enhancedtes. NHEKs were treated with 25 M or 30 M of menadione for various periods.
enadione; closed bar, 30 M of menadione. The relative expression of mRNAs was
the  expression of NUDT5 in NHEKs in a time-dependent manner
(Fig. 4D). However, menadione had no effect on the NUDT5 expres-
sion in SCC cells (data not shown).
4. Discussion
Oral mucosa is frequently exposed to various stresses such as
hot foods, alcohol, and tobacco. Although these factors produce
oxygen radicals in oral mucosa, it has not been reported if oxy-
gen radicals generate 8-oxoGua in oral mucosal keratinocytes. In
the present paper, human normal keratinocytes and oral SCC cells
were treated with H2O2. Before treatment, 8-oxo-dGTP was already
present in the cytoplasms of all the cell types. Interestingly, H2O2
treatment seemed to make the location of 8-oxo-dGTP change to
nucleus. H2O2 may  increase 8-oxo-dGTP in nuclear nucleotides
pool or promote the incorporation of 8-oxo-dGTP into DNA. Twenty
four hours after treatment, again, 8-oxo-dGTP was  observed mainly
in the cytoplasm. It is not conﬁrmed whether this result is due to
translocation of 8-oxo-dGTP from cytoplasmic nucleotides pool to
nuclear nucleotides pool or increased oxidation of guanine in DNA.Two  main molecules, OGG1 and MutT, may be involved in elim-
inating 8-oxo-dGTP in nucleus. If H2O2 promotes the incorporation
of 8-oxo-dGTP into DNA in keratinocytes, then, OGG1 may play a
critical role in preventing the carcinogenic mutations since OGG1
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an remove 8-oxoGua incorporated in DNA. A recent study supports
he involvement of OGG1 in SCC, reporting that the combination of
educed OGG activity and tobacco smoking was associated with
he risk of SCC of the head and neck [14]. When we  also exam-
ned the expression of OGG1 in NHEKs and SCC cells treated with
2O2, OGG1 expression increased time-dependently in NHEKs, but
ot SCC cells (data not shown). Although there have been many
eports about the involvement of OGG1 in tumors, we  have little
nformation about MutT-related enzymes in SCC.
MTH1 is a mammalian counterpart of MutT of E. coli. The knock-
own of MutT gene in E. coli increased the incidence of gene
ransformation by 100-fold [15]. MTH1-knockdown mice, how-
ver, showed only 2-fold incidence in tumor development [16]. It is
upposed that the redundancy of 8-oxoGua-eliminating enzymes
xist to avoid the life-threatening mutations induced by 8-oxoGua
n mammals. That is why MTH2 and NUDT5 are identiﬁed. In this
ontext, the expressions of MutT-related enzymes (MTH1, MTH2,
nd NUDT5) may  contribute to the prevention of carcinogenesis
y oxygen radicals in humans. However, the expression of MutT-
elated enzymes in human cells remains almost unknown.
This  is the ﬁrst report showing the expression of human MutT-
elated proteins in cultured normal and malignant cells under
2O2 treatment. MTH1, MTH2, and NUDT5 were constitutively
xpressed both in normal keratinocytes and SCC cells. Importantly,
UDT5 expression was enhanced by H2O2 treatment in normal ker-
tinocytes, but not in malignant cells, while H2O2 had no effects
n the expression of MTH1 and MTH2 in both cell types. MTH1
an degrade 8-oxo-dGTP as well as 8-oxo-dGDP while NUDT5 can
egrade 8-oxo-dGDP, but not 8-oxo-dGTP. Since 8-oxo-dGDP is
asily converted to 8-oxo-dGTP by a kinase, NUDT5 is likely to be a
trong supporter for MTH1 to eliminate hazardous 8-oxoGua. The
nduction of NUDT5 under oxidative stress may  thus contribute to
he prevention of DNA mutations.
It is reported that MTH1 activity was higher in lung cancer than
ormal lung tissue, implying the contribution of MTH1 to the main-
enance of 8-oxoGua levels in humans [17]. Our data show that the
xpression level of NUDT5, rather than MTH1, was  higher in SCC
ells than keratinocytes in the absence of oxidative stress (Fig. 3A).
ike MTH1 in lung, NUDT5 may  be responsible for oxygen radicals
n keratinocytes.
MTH1 and NUDT5 were all localized in the cytoplasms of all the
ell types under the microscopic views, but the Western blot anal-
ses revealed that NUDT5 was present not only in cytoplasm, but
lso in nucleus. Together with the result for 8-oxo-dGTP localiza-
ion, the present study suggests that NUDT5 plays a critical role
n the elimination of nuclear 8-oxoGua in normal keratinocytes. In
ddition, malignant cells may  lose the ability of inducing NUDT5 in
he response to oxygen radicals. In order to clarify our hypothesis,
[ternational 8 (2011) 11– 16
a  study on the keratinocytes from NUDT5-knockout mouse will be
required in future.
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